Voltammetric responses associated with the simple reaction of perrhenate anions transfer across polarized micro-interfaces between two immiscible electrolyte solutions (micro-ITIES) was investigated, and their sensing applications were demonstrated. The micro-ITIES array was formed at polyethylene
Introduction
The analysis of various species of rhenium is of great importance due to its unique physicochemical properties and wide application in various fields of chemical, aerospace and nuclear industries [1, 2] . In particular, due to high refractoriness, mechanical strength and chemical inertness, rhenium is a valuable material for the manufacture of steels and alloys for turbines of jet engines, high-temperature thermocouples and components of electronic contacts and electromagnets. In addition, rhenium has proven itself in the production of rhenium-platinum catalysts used in petroleum reforming for the production of high-octane hydrocarbons, which are used in the production of lead-free gasoline [3] . The estimated value of rhenium consumed in 2017, was about $ 80 million [4] . Rhenium is a rare element: its content in the Earth's crust is about 7×10 -8 % by weight [5] . The most important raw sources of rhenium are sulfide (molybdenum and copper) and carbonaceous (uranium) concentrates. Minerals of rhenium themselves are extremely rare in nature.
There was a requirement of extraction of rhenium from secondary raw materials, industrial waters and plants due to its high cost and small content in natural materials [6] . Both analyzed natural and technogenic rhenium-containing raw materials have a complex and diverse composition. The content of rhenium in rhenium-containing raw materials varies in a wide range of concentrations -from 10 -7 to tens of weight percent. This leads to the creation and improvement of methods for its analytical control in different materials [7] .
In modern analytical practice, methods such as inductively coupled plasma atomic emission spectroscopy (ICP AES) [8] , inductively coupled plasma -mass spectrometry (ICP-MS) [9] , X-ray fluorescence analysis [10] and spectrophotometric methods [11] are used for direct determination of rhenium in the aqueous phase. Although these methods provide reliable, accurate and reproducible analysis, their sensitivity is not sufficient for direct determination of rhenium due to low element contents in the analyzed objects and the interfering effect of matrix components. Moreover, implementation of these methods requires expensive equipment, as well as collection and transportation of environmental samples for laboratory analysis.
Electrochemical methods take a significant place in the analytical chemistry of rhenium due to the high speed and accuracy of the analysis, the possibility of miniaturization, as well as high sensitivity and selectivity. In particular, direct voltammetric determination of rhenium based on measurement of diffusion waves of the recovery of perrhenate ions and indirect determination using different types of mercury-film and carbon electrodes in conjunction with linear sweep or stripping voltammetry are reported [12] [13] [14] . For instance, the adsorptive accumulation of rhenium in the form of a rhenium oxide film of low solubility onto a polyethylene-impregnated graphite electrode followed by the oxidation of the adsorbed species using square-wave voltammetry was developed for Re(VII) ion analysis with a detection limit of 0.8 nM. Nevertheless, the selectivity of the voltammetric analysis of rhenium is rather low due to the interfering effect of metal ions (Mo, W, Cu, Ag, Au ions) occupying a higher position on the scale of standard potentials than the perrhenate ion.
An alternative to solid-electrode-based voltammetry for rhenium analysis is the transfer reaction at a polarized interface between two immiscible electrolyte solutions (ITIES) [15] . The ITIES method is based on reversible ion transfer across a polarized liquid-gel interface upon application of a potential difference. Ion transfer from one phase to another gives rise to a current that can be monitored. On this basis, a sensitive and selective platform is realized for amperometric sensing of various inorganic ions in aqueous solutions, as well as organic compounds that do not decompose into ions [16] . For a long time, the analytical use of the ITIES method with a large liquid interface was mainly due to mechanical instability and uncompensated ohmic losses due to the strong resistivity of the organic phase. The solution to this problem was the approach demonstrated by Campbell and Girault [17] based on the use of the micro-liquid/gel interface supported on a microporous polymeric membrane. The use of microporous polymeric membrane-supported ITIES made it possible to significantly simplify the experimental design of the method and served as the basis for creating new platforms for arrays of microinterfaces for portable sensors [18] [19] [20] .
In this paper, the reaction of simple transfer of perrhenate ions at the water/2-nitrophenyloctyl ether (2-NPOE) micro-interface array was investigated. The approach to interface miniaturization used in this study is based on microfabricated porous polyethylene terephthalate (PET) membranes prepared by femtosecond laser-etching processes. The characteristics of perrhenate ion transfer reaction were studied using cyclic voltammetry (CV) and alternating current stripping voltammetry (ACSV). The thermodynamic parameters for the perrhenate ion transfer are discussed. The effect of interfering ions on the obtained analytical perrhenate signal is also estimated. Stripping analysis at the micro-liquid/liquid interface arrays is suitable for the detection of analytes in rhenium containing alloys and mineral raw materials. , SigmaAldrich) were all used as received. All aqueous solutions were prepared using bidistilled water.
Experimental

Fabrication of microhole array-liquid/liquid interface
A 196 (14×14) microhole array was created by drilling a polyethylene terephthalate film (PET, 10 μm thick, from Vladipor LTD, Russia) using the previously reported method [17] with a modification: the micromachining of the hole was performed using nonlinear ultrafast laser photoablation processing by a femtosecond Ti:Sapphire laser. Compared with other machining techniques, this method provides an advantage of localized, precise and reproducible material processing [21] . Femtosecond laser pulses at 790 nm were amplified in a four-pass laser amplifier up to 2 µJ energy and coupled to the Olympus IX71 optical microscope. Pulses were focused into a 2 µm focal spot by an objective lens (Newport M-10× 0.25NA). Cylindrical holes were drilled in a film using a programmed circular movement performed by a 2D piezostage (NT MDT) with a 100 nm step, at each step the film was processed with a single pulse. The average radius of each microhole was determined as around 10 μm both for the entrance and exit side, while the average centre-tocentre distance between two neighboring microholes in the 196 microhole array (approximately 100 µm) is at least 10 times larger than that of each microhole radii (Fig 1) . Twenty microliters of the organic solution composed of 5% PVC and 10 mM TDATpClPB dissolved in 2-NPOE were casted onto the laser-machined PET film over the micro-hole array region at a 80 °C and kept for a minimum of 6 h at room temperature to cool down and form a gelified layer.
Electrochemical measurements
All electrochemical experiments were performed using potentiostat Ecotest-VA-4 (Econix-Expert Ltd., Russia) together with the Ecotest VA software supplied with the instrument. Despite the fact that the IR drop effect at micro-ITIES system is not too high as compared to macro-ITIES system, in this study a four-electrode electrochemical cell was employed. The reference electrode in the aqueous phase was an Ag/AgCl electrode. The reference electrode in the organic phase was an Ag/ AgTpClPB electrode made by electrochemical oxidation of a silver wire in a 0.1 M solution of TDATpClPB. Two platinum counter electrodes placed in the aqueous and 2-NPOE phases were used for supplying the current flow (see the schematic presentation in Fig. 2a inset) .
The borosilicate glass tube with PET-membrane sealed to one end with silicone sealant contained 200 microliters of the organic solution of 10 mМ of TDATpClPB in 2-NPOE. This was then immersed in 25 mL of the aqueous phase 10 mМ solution of MgSO 4 .
All measurements were carried out at room temperature without any IR drop compensation by cyclic voltammetry (CV), alternating current voltammetry (ACV) and alternating current stripping voltammetry (ACSV) technique with a modulation amplitude of 50 mV and a pulse frequency of 5 Hz. The parameters pre-concentration potential, pre-concentration time and sweep rate were explored to determine the optimum values, and these were implemented in subsequent experiments. The scan rate for cyclic voltammetry experiments was 12 mV s -1 unless otherwise stated.
Results and Discussion
Electrochemical characterization of perrhenate anion transfer across a micro-water/gel interface
The simple transfer of perrhenate ion across the microhole array interface between water and a PVC-NPOE gel layer incorporating TDATpClPB as an organic supporting electrolyte were first studied using cyclic voltammetry. The TDATpClPB supporting electrolyte not only helps to keep sufficient conductivity of the organic phase, but also offers a wide polarization window to characterize the voltammetric response of perrhenate anions, which could limit the negative end potential. The process of simple ion transfer of perrhenate anion across the micro-ITIES was studied using conventional electrochemical cell setup in where x is the concentration of the perrhenate anion in the aqueous phase.
In the absence of perrhenate ion ReO 4 -the potential window was determined by the transfer of the electrolyte ions dissolved in each phase, which resulted in a current rise. At the positive end, the potential window is limited by Mg 2+ or TpClPB -ion transfer, while the negative end is set by TDA + or SO 4 2-ion transfer across the polarized interface [see Fig. 2a ]. The clear potential window between -0.40 and +0.60 V is available for studying the ReO 4 -transfer. The addition of ReO 4 -ions into the aqueous phase resulted in the occurrence of a pseudo-steady state voltammetric response in the cathode region of the potential window on the forward scan, while more pronounced peak-shaped responses were observed on the reverse scan at ca. 0.05 V (vs. Ag/AgCl). Such voltammetric characteristics are typically observed when utilizing a microhole-water/PVC-NPOE gel interface with a gel-filled microhole; on the forward scan, ReO 4 -ions transfer from water to the organic gel phase is usually associated with a hemi-spherical diffusion flux that results in a pseudo-steady state current response.
While the peak current for the ion transfer from the organic to the aqueous phase is associated with a hemi-spherical diffusion regime, the reverse flux from the aqueous phase to the hole region is governed by a linear diffusion [22] . This is due to the fact that the incorporation of PVC in the organic phase increases the viscosity, and hence slows down the diffusion of ions in the organogel, so that the diffusion coefficient of a target analyte in the gelled organic phase may be ca. nine times lower than in the aqueous phase [23] . However, in this study, the CVs on the forward scan show that the foot of the ion transfer wave was at a very negative applied potential difference (-0.4 V), close to the upper limit of the potential window (Fig. 2a) . The current increased steadily with applied potential up to the switching potential, so that a fully-develop steady-state wave shape was not obtained. A similar observation was reported by Osborne and Girault [24] for the transfer of ammonium ions across a water/1,2-dichloroethane (DCE) interface and by Cacote et al. [25] for the direct transfer of Ag + ions across a water/DCE interface.
As the concentration of Re(VII) ions increased, the current on both the forward (ReO 4 -ion transfer from water to NPOE) and reverse (from NPOE to water) scans also linearly increased. A linear slope of 2.71 μA mM -1 was obtained from a plot of the steady-state current changes (forward) vs. Re(VII) ion concentration, which can be correlated to Saito [26] [27] , is the concentration of the perrhenate ion in the water phase, and r (10.0 μm) is the radius of the interface. The experimental slope was slightly smaller as compared to the theoretical value of 2.25 μA mM -1 . The peak current response with respect to the scan rate was also investigated (see Fig. 2b ), where the peak potential for 50 μМ ReO 4 -ion transfer was found to be almost independent of the scan rate. When plotting the current versus the square root of scan rate (see Fig. 2b inset) , which was obtained from Randles-Sevcik equation developed for a diffusion-controlled reversible ion transfer process across a polarized ITIES: (2) where I P is the peak current responsible for Re(VII) ion transfer from the organic to the water phase, A is the area of the liquid/liquid interface, R is the gas constant, T is the absolute temperature, and v is the scan rate. The differences in both the linear fit values for the concentration and scan rate dependence can be attributed to possible errors coming from the estimation of the exact liquid/liquid interface size. In addition, the peak to peak separation was about 7.5 mV and changed little with respect to the scan rate change. These results indicate that the ReO 4 -ion transfer reaction is regarded as a reversible diffusion-controlled process.
In order to further enhance sensitivity alternating current voltammetry (ACV) was applied, Fig. 2c . In the absence of the perrhenate ion ReO 4 -the potential window is restricted by the transfer of background electrolyte ions and resembles the shape of a bath. When increasing the scan rate (8-99 mVs -1 ) and amplitude modulation (5-50 mV), background current increases from 0.02 to 0.40 μA. In this case voltamperograms are not distorted. The addition of different concentrations of the perrhenate ion ReO 4 -(5-100 µM) in aqueous solution induces a broad voltammetric peak on the forward and reverse scans at ca. -0.16 V (vs. Ag/ AgCl). The separation of the peaks increased with respect to the ReO 4 -ion concentration ranging from 5 to 100 µM and was about 42.5 mV at the concentration of the perrhenate ion 100 µМ. A peak current area increased proportionally as a function of the perrhenate ion ReO 4 -concentration. A notable fact is that ACV response of the ReO 4 -ion has a greater intensity of current in absolute value. This result is very interesting for increasing the sensitivity of the sensor for the perrhenate ion in a very simple way (changing only the modulation amplitude or scan rate). The resulting ACV peaks area current was also plotted against various concentrations of target ions (Fig. 2c inset) . As can be seen, from the plot of the ACV peak area current versus the ReO 4 -concentration a linear fit with a slope of 57.6 μA mV mM −1 for the Re(VII) concentration ranging from 5 to 100 μM was obtained.
Thermodynamic parameters of ReO 4 -transfer at the water/NPOE interface
A number of thermodynamic parameters for the ReO 4 -ion transfer were determined from the CV data. These are listed in Table 1 . [29] . TMA + ion was selected as a model ion, since the transfer potential differs from that of ReO 4 -ion, and there is no mutual interference. The calculated Galvani transfer potential of ReO 4 -ion across a water/NPOE interface is obtained using Eq. (3) to be -0.184 V (Table 1) .
A value for the half-wave transfer potential of the ReO 4 -ion can be obtained using Eq (4): (4) where and are the experimental half-wave potentials of the ReO 4 -ion and TMA + transfer, respectively. The of the ReO 4 -ion is obtained using Eq. (4) to be 0.264 V ( Table 1) . The Gibbs energy of transfer is directly related to the formal transfer potential of the ion transfer [30] and for any ionic species is expressed as: (5) where ∆ o w G (tr,i) 0 is the formal Gibbs transfer energy of the ion from the aqueous (w) to the organic (o) phase. The ability to measure this value depends on the condition that the transferring ion has a lower magnitude of the Gibbs transfer energy than the ions of the supporting electrolytes. The calculated value is presented in Another important thermodynamic parameter is the coefficient (lgP NPOE ) of a given solute partition between two immiscible solvents. This is a measure of its relative affinity for the two phases, and is related to the free energy of transfer of the solute between the two solvents. The coefficient of the perrhenate ion ReO 4 -partition between water and 2-NPOE is obtained from Eq. (6) [32] : (6) The partition coefficient of the perrhenate ion was -3.12 (Table 1) , while the value for the perchlorate ion was -2.96 [33] , both for the water/2-NPOE system. Comparison of the partition coefficients of both ions shows that perrhenate is more hydrophobic, since a higher partition coefficient value indicates a more hydrophobic property. A review of the electrochemical investigations made on the transfer of ions and ionic species at ITIES to determine their partition coefficients employing voltammetric methods for water/nitrobenzene (NB), water/2-NPOE, and water/DCE systems does not include any data for the perrhenate ion.
Optimisation of the ACSV parameters for the detection of ReO 4
-ions In order to detect lower concentrations, ACSV was employed, as this entails a pre-concentration step that enhances sensitivity. In the pre-concentration step, the ReO 4 -ions were extracted from the aqueous to the organogel phase under potential control. Then, the preconcentrated analyte was stripped out of the organogel using a voltammetric scan. The pre-concentration step is important in ACSV as it enables the detection of lower concentrations relative to CV. As a result, the optimization of ACSV parameters, namely the sweep rate, the preconcentration potential and the pre-concentration time were explored employing Cell 1. Voltammetric scans were conducted in the positive direction, from -0.5 to 0.6 V.
To assess the impact of sweep rate on the results (figure not shown), the sweep rate value was varied between 5 and 100 mV s -1 using 5×10 -6 M ReO 4 -ion.
The pre-concentration potential was fixed at -0.40 V, while the pre-concentration time was set at 60 s. A blank ACSV was recorded in the absence of the analyte, so that background-subtracted ACSV could be obtained by subtracting the blank response from that of the analyte. The stripping peak current was found to be linearly-dependent on the square root of the sweep rate, indicating a linear diffusion-controlled organic phase to aqueous phase transfer process [34] . Despite this result, it was found that lower sweep rates produced a more clearly defined peak shape consistent with peak distortion by cell resistance and capacitance at the higher sweep rates. Consequently, all subsequent experiments employed a sweep rate of 12 mV s -1 , since this sweep rate produced a well-defined peak shape with less sensitivity to these distortions.
The influence of the pre-concentration potential was studied by employing 5.0 μМ ReO 4 -with a 60 s preconcentration time, while varying the pre-concentration potential from -0.40 to 0.20 V in increment of 0.05 V, Fig.  3a . From the inset graph, it can be seen that the stripping peak current decreases when the pre-concentration potential shifts to the positive area. As observed earlier by CV, ReO 4 -transfers at an applied potential very close to the upper limit of the potential window. The maximum stripping peak current was observed when the preconcentration potential was -0.40 V. Thus, this potential was applied for all subsequent experiments.
The influence of pre-concentration time was studied at -0.40 V pre-concentration potential using 5 μM ReO 4 -, with variations in the pre-concentration time from 30 to 360 s (Fig. 3b) . The stripping peak current increased as the pre-concentration time increased, eventually reaching a constant value, as illustrated in the inset graph. This effect was reported previously for the detection of perchlorate [35] and hexachromic anions [36] at the micro-ITIES array and was attributed to the diffusion of the analyte away from the interface to the bulk organic phase during the longer pre-concentration times. Therefore, during the stripping step, these analytes are not stripped back to the aqueous phase and do not contribute to the stripping peak. The optimum pre-concentration time of 90 s was selected and applied in all subsequent experiments.
Employing all of the optimized parameters (12 mV s -1 sweep rate, -0.40 V pre-concentration potential, 90 s pre-concentration time), low concentrations of ReO 4 -in the range 1.0-100.0 μM were analysed, and a calibration graph of stripping peak current versus concentration of ReO 4 -ion was plotted (Fig. 4) . The stripping peak increased linearly with respect to the ReO 4 -ion concentration (Fig. 4 inset) with a linear concentration dependence observed within the range studied. An excellent detection limit of 0.3 μM using These ions were selected, since they are all models of substances likely to be present in ore concentrates and natural water samples. The interfering ions were investigated at a fixed concentration of 1 mM, which is a hundred times in excess compared to that of ReO 4 -ions. The selectivity coefficient (log k (i,j) amp ) for all the interfering anions studied are listed in Table 2 calculated using the Eq (7) [37] : (7), where i and j correspond to the ReO 4 -and interfering ions, respectively, C is the concentration of each ion species, and I t is the total current, which is the sum of the current associated with the ReO 4 -ion (I i ) and other interfering ions. -anions, the perrhenate sensor responded significantly. Nevertheless, the simultaneous presence of these ions together with perrhenate in real objects is unlikely.
Determination of ReO 4 -ion in mineral raw
As a final demonstration, the sensor was applied to the detection of rhenium in mineral raw samples. The first sample was rhenium itself, and the other two different samples were prepared by adding different amounts of potassium perrhenate to the dolomite and copper-zinc pyrite ore. For dissolution the analyzed sample was treated with a mixture of conc. H 2 SO 4 and H 2 O 2 (36%) taken in a 3:1 ratio, and then the resulting solution was neutralized with 1M NaOH. Details of the sample preparation are described in [12] .
The determination of perrhenate in mineral raw as the aqueous phase electrolyte solution was conducted using Cell 3.
The ACSV analysis data using our perrhenate sensor were also compared to those of the standard ICP-AES analysis method summarized in Table 3 Sample 1 is the sample of metallic rhenium; Samples 2 and 3 are the dolomite and copper-zinc pyrite ore spiked with the perrhenate concentration of 50 and 100 mM respectively.
It was found that the added concentrations of ReO 4 -estimated using our sensors in ore samples were in good agreement with the data within a S r 15% error. An excellent agreement achieved in both the portable sensing and conventional ICP-AES method indicates that our method can be utilized for real-time analysis of perrhenate anions in any environmental mineral raw samples.
Conclusions
Voltammetric responses of simple transfer of ReO 4 -ions across the microhole array-water/organic gel interface was investigated. The results show that ReO 4 -ions can be detected via CV and ASV. Important characteristics of ReO 4 -ion transfer across the micro-ITIES -the reversibility, formal transfer potential, the Amperometric determination of perrhenate anion ... Gibbs energy of transfer and the partition coefficientwere evaluated and then usefully employed. In addition, employing the ACSV, the detectable concentration of ReO 4 -ions down to 0.3 μM was obtained with a dynamic range of 1 to 100 μM. The novel amperometric ReO 4 -ion selective sensor was successfully applied to determine the perrhenate anion concentration in mineral raw samples, and the results were in good agreement with the data from a conventional ICP-AES method. The results point to the development of a useful sensor based on micro-ITIES that can be used for the detection of the perrhenate ion in environmental systems.
